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nase, and phosphatase activities (8, 27) . Recent studies have shown that exogenous zinc can regulate activities of several important intracellular signaling elements such as phosphatidylinositol 3-kinase (PI3K) (5), Akt/PKB (2), p70S6 kinase (1, 25) , mammalian target of rapamycin (mTOR) (29) , extracellular signal-regulated kinase (ERK) (2) , and glycogen synthase kinase-3␤ (GSK-3␤) (19) . Since these signaling kinases have been demonstrated to be involved in the mechanism underlying cardioprotection against reperfusion injury, the treatment of cardiac cells with zinc may lead to cardioprotection against reperfusion injury. An early study showed that zinc protects isolated rat hearts from ischemia/reperfusion injury by reducing oxidant stress (36) . It has also been reported that exogenous zinc suppresses apoptosis in cardiac allografts in a dosedependent manner (26) . Recently, Karagulova et al. (23) documented that the treatment of isolated rat hearts at reperfusion with zinc ionophore pyrithione induces cardioprotection against reperfusion injury by preserving PKC isoforms. Moreover, we have recently demonstrated that zinc can prevent oxidant-induced mitochondrial damage in cardiomyocytes (20) . Thus these studies strongly suggest that the addition of zinc might be a useful intervention to prevent ischemia/reperfusion injury. However, it should be noted that the above studies provide very limited information on the signaling mechanism underlying zinc-induced cardioprotection in the setting of ischemia/reperfusion.
A number of intracellular signaling elements have been proposed to be involved in cardioprotection against ischemia/ reperfusion injury. Recent studies have revealed that GSK-3␤ plays a critical role in cardioprotection. The inactivation of GSK-3␤ is involved in the mechanism of ischemic preconditioning (40) and is also reported to be critical for opioidinduced cardioprotection against reperfusion injury (15) . The inhibition of GSK-3␤ leads to prevention of mitochondrial permeability transition pore (mPTP) opening, which serves as an essential mechanism by which the kinase mediates the cardioprotective effects induced by pharmacological preconditioning (22) , bradykinin (34) , and N 6 -(3-iodobenzyl)-9-[5-(methylcarbamoyl)-␤-D-ribofuranosyl]adenine (IB-MECA) (33) . The mPTP opening plays an important role in myocardial ischemia/reperfusion injury, and the blockade of the pore opening leads to cardioprotection (38) . A previous study (20) from our laboratory has shown that exogenous zinc could prevent oxidant-induced mPTP opening in rat cardiomyocytes.
Furthermore, zinc has been reported to inhibit GSK-3␤ in Hela and SH-SY5Y cells (1, 5) . Thus it is reasonable to hypothesize that zinc reduces cardiac cell death by targeting the mPTP through the inactivation of GSK-3␤ in the setting of ischemia/ reperfusion.
In this study, we first examined whether exogenous zinc could inactivate GSK-3␤ through N-terminal phosphorylation of Ser 9 in H9c2 cells. We then investigated the signaling mechanism by which zinc inactivates GSK-3␤. Finally, we tested whether zinc can protect H9c2 cells from simulated ischemia/reperfusion injury via a GSK-3␤-dependent mechanism.
MATERIALS AND METHODS
Cell culture. The rat heart tissue-derived H9c2 cardiac myoblast cell line was purchased from American Type Culture Collection (Manassas, VA). Cells were cultured in Dulbecco's modified Eagle's medium, supplemented with 10% fetal bovine serum and 100 units penicillin-streptomycin at 37°C in a humidified 5% CO 2-95% room air atmosphere.
GSK-3␤ plasmid DNA. Two GSK-3␤ mutants, catalytically inactive GSK-3␤ (GSK-3␤-KM-HA) and constitutively active GSK-3␤ (GSK-3␤-S9A-HA) mutant plasmids containing HA tag, were kindly provided by Dr. Morris Birnbaun (University of Pennsylvania School of Medicine). After we purified the plasmid DNA using an Endofree Maxi kit (Qiagen), transient transfections were performed on 12-well plates using Fugene6 with 2 g DNA according to the manufacturer's instructions (Roche). Briefly, H9c2 cells were seeded in a 12-well plate at a 50% confluency. Two hours after cell seeding, cells were transfected with ␤-galactosidase (pCDNA-His-LacZ) or the GSK-3␤ mutants using Fugene6 transfection reagents (DNA-to-reagent ratio ϭ 1:3). Cells were replaced with fresh medium 24 h after the transfection. All experiments were done 48 h after transfection. The transfection efficiency test using ␤-galactosidase assay kit (Invitrogen) revealed that over 80% of cells expressed ␤-galactosidase (Ͼ80% transfection; data not shown). To test the protein expression levels of the mutant genes, the total GSK-3␤ protein levels were analyzed with Western blot analysis. Since both mutants include HA tags, the expressed constructs could be distinguished from the endogenous GSK-3␤ (31) . Figure 1 shows that both the GSK-3␤-KM-HA and GSK-3␤-S9A-HA constructs were expressed in H9c2 cells.
Mitochondrial isolation. Mitochondria and cytosolic fractions were isolated by differential centrifugation as previously described (3). Cells were homogenized in a buffer containing (in mM) 250 sucrose, 10 Tris ⅐ HCl (pH 7.4), 1 EDTA, 1 Na 3VO4, and 1 NaF and protease inhibitor cocktail. The homogenate was centrifuged at 1,000 g for 10 min to remove nuclei and debris. The supernatant was centrifuged at 10,000 g for 30 min. The resultant supernatant was subsequently centrifuged at 10,000 g for 1 h to yield the cytosolic fraction. The 10,000-g pellet, corresponding to the mitochondrial fraction, was resuspended and centrifuged again at 10,000 g for 30 min. Mitochondria were then resuspended and homogenized.
Cell viability assay. The cell viability was assessed by propidium iodide fluorometry using a fluorescence reader (SpectraMax, Molecular Devices, Sunnyvale, CA). Fluorescence intensity was measured at the excitation and emission wavelengths of 540 and 590 nm, respectively. Cells in 12-well plates coated with laminin were incubated in standard Tyrode solution containing (in mM) 140 NaCl, 6 KCl, 1 MgCl 2, 1 CaCl2, 5 HEPES, and 5.8 glucose (pH 7.4) for 2 h before the experiments. The background fluorescence intensity (B) was measured 20 min after the addition of propidium iodide (30 M). The cells were then subjected to 90 min of simulated ischemia followed by 30 min of reperfusion (see Experimental protocols). After 30 min of reperfusion, the fluorescence intensity (R) was measured again. Experiments were terminated by the addition of digitonin (300 M). The final fluorescence intensity (F) was measured 20 min after the addition of digitonin. The cell viability was calculated by the following formula: 100(F Ϫ R)/(F Ϫ B) (in %).
Confocal imaging of mitochondrial membrane potential. Mitochondrial membrane potential (⌬⌿ m) was measured using confocal microscopy as previously reported (20) . Briefly, the cardiac cells cultured in a specific temperature-controlled culture dish were incubated with tetramethylrhodamine ethyl ester (TMRE, 100 nM) in standard Tyrode solution containing (in mM) 140 NaCl, 6 KCl, 1 MgCl 2, 1 CaCl2, 5 HEPES, and 5.8 glucose (pH 7.4) for 10 min. The cells were then mounted on the stage of an Olympus FV 500 laser-scanning confocal microscope. The red fluorescence was excited with a 543-nm line of argon-krypton laser line and imaged through a 560-nm long-path filter. The temperature was maintained at 37°C with Delta T Open Dish Systems (Bioptechs, Butler, PA). The images recorded on a computer were quantified using ImageJ.
Western blot analysis. An equal amount of protein lysates (whole cell or mitochondria or cytosol) was loaded and electrophoresed on SDS-polyacrylamide gel and transfected to a polyvinylidene difluoride membrane. The membranes were probed with primary antibodies that recognize the phosphorylation of GSK-3␤, mTOR, and p70s6K. Each primary antibody binding was detected with a secondary antibody and visualized by the enhanced chemiluminescence method. An equal loading of samples was confirmed by reprobing the membranes with antibodies that recognize total proteins.
Experimental protocols. Cultured cells were washed twice with PBS and then incubated in Tyrode solution for 2 h before the experiments. To examine the effect of extracellular zinc on GSK-3␤ (or mTOR and p70s6K) phosphorylation at Ser 9 , the cells were exposed to 10 M ZnCl2 together with 4 M zinc ionophore pyrithione for 20 min. The inhibitors were applied 20 min before the exposure to ZnCl 2. To test the effect of exogenous zinc on cardiac ischemia/reperfusion injury, the cells were exposed to a simulated ischemia solution (glucose-free Tyrode solution containing 10 mM 2-deoxy-D-glucose and 10 mM sodium dithionite; see Ref. 18) for 90 min followed by 30 min of reperfusion with the normal Tyrode solution. ZnCl 2 (10 M) plus 4 M pyrithione were applied at the onset of reperfusion for 30 min or during ischemia (90 min) only. In the study evaluating the effect of exogenous zinc on ⌬⌿ m, the cells were exposed to 600 M H2O2 for 20 min to cause mitochondrial oxidant damage. ZnCl2 (10 M) plus 4 M pyrithione were given 20 min before an exposure to H2O2.
Statistical analysis. Data are expressed as means Ϯ SE and obtained from at least six experiments. Statistical significance was determined using a one-way ANOVA followed by Tukey's test. A value of P Ͻ 0.05 was considered as statistically significant.
RESULTS
To test whether exogenous zinc can inactivate GSK-3␤ in H9c2 cells, we determined the effect of ZnCl 2 on GSK-3␤ phosphorylation at Ser 9 in total cell extracts. Preliminary studies showed that 10 M of ZnCl 2 was much more effective to phosphorylate GSK-3␤ than 1 M ZnCl 2 (349% vs. 165% of control). However, there was no further significant increase in GSK-3␤ phosphorylation by 100 M (355% of control) ZnCl 2 . Therefore, we treated cells with 10 M ZnCl 2 in all experiments. As shown in Fig. 2 , ZnCl 2 (10 M) dramatically enhanced GSK-3␤ phosphorylation (349 Ϯ 55% of the control) in the presence of zinc ionophore pyrithione (4 M), indicating that exogenous zinc can inactivate GSK-3␤ in H9c2 cells. The effect of zinc on GSK-3␤ phosphorylation was blocked by LY-294002, an inhibitor of PI3K, implying a role of the PI3K/Akt pathway in the action of zinc. The effect of zinc was not altered by either the mTOR inhibitor rapamycin or the PKC inhibitor chelerythrine, indicating mTOR and PKC may not be involved in the action of exogenous zinc on GSK-3␤ phosphorylation (Fig. 2) . Figure 3 shows that zinc significantly enhanced the phosphorylation of Akt and p70s6K but not mTOR, confirming the above observation that the PI3K/Akt pathway but not mTOR is responsible for zinc-induced GSK-3␤ phosphorylation. In addition, zinc also increased p70s6K phosphorylation.
Since zinc can prevent oxidant-induced mPTP opening (20) and an increase in GSK-3␤ phosphorylation within mitochondria was responsible for the suppression of the mPTP opening and cardioprotection afforded by ischemic precondition plus erythropoietin (32), we tested whether zinc can translocate GSK-3␤ to mitochondria and whether zinc can alter mitochondrial GSK-3␤ activity. As shown in Fig. 4 , under physiological conditions (control), the amount of phosphorylated GSK-3␤ was extremely low compared with that of the total GSK-3␤.
When cells were treated with 10 M ZnCl 2 , GSK-3␤ phosphorylation was markedly increased both in cytosol and in mitochondria (Fig. 4) . Figure 4 also shows that zinc did not increase the mitochondrial GSK-3␤ amount compared with the control, implying that GSK-3␤ seems not to be translocated to mitochondria by zinc. To investigate the mechanism by which zinc phosphorylates mitochondrial GSK-3␤, we tested whether the mitochondrial ATP-sensitive K ϩ (mitoK ATP ) channel blocker 5-hydroxydecanoic acid (5-HD) can prevent the action of zinc. As shown in Fig. 5 , 5-HD (0.25 and 0.5 mM) did not alter the effect of zinc.
Given the important role of GSK-3␤ in cardioprotection, exogenous zinc may induce cardioprotection against ischemia/ reperfusion injury via a GSK-3␤-dependent mechanism. To test the effect of exogenous zinc on ischemia/reperfusion injury, H9c2 cells were subjected to 90 min of simulated ischemia followed by 30 min of reperfusion. Figure 6 shows that simulated ischemia/reperfusion significantly reduced cell viability to 31.3 Ϯ 3.5%. ZnCl 2 (10 M) given during ischemia but not during reperfusion failed to improve cell viability (35.1 Ϯ 4.9%). In contrast, ZnCl 2 (10 M) given only at the onset of reperfusion for 30 min dramatically increased cell viability to 69.1 Ϯ 2.8%, indicating that zinc is cardioprotective during reperfusion rather than during ischemia and thus may have a potential to save myocardium from reperfusion injury. To examine whether the protective effect of zinc was mediated by the suppression of GSK-3␤, the cells were transfected with the constitutively active GSK-3␤ (GSK-3␤-S9A) mutant plasmid and then treated with ZnCl 2 (10 M) at reperfusion. As shown in Fig. 6 , zinc was not able to improve cell viability (29.2 Ϯ 2.9%), suggesting that exogenous zinc protects cardiac cells from (simulated ischemia) reperfusion injury by inactivating GSK-3␤. Figure 6 also shows that cells transfected with the catalytically inactive GSK-3␤ (GSK-3␤-KM) mutant plasmid were resistant to reperfusion injury (62.5 Ϯ 3.7% in cell viability), an effect that was similar to that observed when naive cells were treated with zinc, further supporting a role of GSK-3␤ inactivation in the action of zinc. To examine whether exogenous zinc prevents reperfusion injury by targeting the mPTP opening, we tested the effect of zinc on the oxidant-induced loss of ⌬⌿ m in H9c2 cells using confocal imaging technique. As shown in Fig. 7 , 500 M H 2 O 2 caused a marked decrease in TMRE fluorescence (37.6 Ϯ 2.2 of baseline), indicating a dissipation of ⌬⌿ m . Since the loss of ⌬⌿ m is an index of the mPTP opening, this result suggests that oxidant stress caused the mPTP opening. The treatment of cells with 10 M ZnCl 2 for 20 min in the presence of pyrithione prevented the loss of TMRE fluorescence (81.4 Ϯ 2.3% of baseline), indicating that exogenous zinc can prevent the mPTP opening. In contrast, ZnCl 2 was not able to preserve TMRE fluorescence (43.6 Ϯ 3.1% of baseline) in cells transfected with the constitutively active GSK-3␤ (GSK-3␤-S9A), strongly suggesting that zinc prevents the mPTP opening through inactivation of GSK-3␤.
DISCUSSION
In the present study, we have demonstrated for the first time that exogenous zinc prevents reperfusion (after simulated ischemia) injury by targeting the mPTP through inactivation of GSK-3␤ in cardiac cells. Zinc inactivates GSK-3␤ through the PI3K/Akt signaling pathway but not through mTOR or PKC.
Identified originally as a regulator of glycogen metabolism, GSK-3␤ is now a well-established cellular component contributing to gene expression, protein synthesis, cell proliferation, cell differentiation, and apoptosis (12, 21) . The activity of GSK-3␤ is regulated by the phosphorylation of Ser 9 and Tyr 216 residues. Phosphorylation of Ser 9 decreases but Tyr 216 phosphorylation increases GSK-3␤ activity. Different from many other protein kinases, GSK-3␤ has a very high basal activity due to the phosphorylation of its Tyr 216 . Some intracellular signals such as PI3K/Akt, mTOR/p70s6K, PKC, and MAPKs inactivate GSK-3␤ through phosphorylation of Ser 9 (11). ZnCl 2 (15 M) was shown to inhibit GSK-3␤ in vitro (19) . It has also been reported that the treatment of SH-SY5Y cells with ZnSO 4 (100 M) for 4 h significantly enhanced GSK-3␤ phosphorylation at both Ser 9 and Tyr 216 sites (1) . In this study, we found that a low dose of exogenous zinc rapidly (10 min) phosphorylates GSK-3␤ at Ser 9 in cardiac H9c2 cells, suggesting that zinc can inactivate GSK-3␤. Although we could not detect the changes in GSK-3␤ activity in this study, data from the experiment using the GSK-3␤ gene mutants (Fig. 6 ) strongly support that zinc acts through the inactivation of GSK-3␤.
GSK-3␤ is inactivated by the PI3K/Akt pathway, PKC, PKA, mTOR/p70s6K, and MAPK (11, 21) . Zinc can stimulate the PI3K/Akt signaling (5, 6, 25, 42) and has been reported to increase GSK-3␤ phosphorylation at Ser 9 mainly through the PI3K pathway (1). In human lung epithelial cells, zinc prevents death receptor-mediated apoptotic cell death through the activation of the PI3K/Akt signaling pathway (4) . In the present study, the PI3K inhibitor LY-294002 abolished the effect of zinc on GSK-3␤ phosphorylation at Ser 9 and zinc dramatically increased Akt phosphorylation at Ser 473 , suggesting that zinc inactivates GSK-3␤ through the PI3K/Akt signaling pathway in cardiac H9c2 cells. In contrast to the inhibitory effect of LY-294002, either the mTOR inhibitor rapamycin or the PKC inhibitor chelerythrine failed to reverse the action of zinc on GSK-3␤ phosphorylation. In addition, we also found that zinc did not alter mTOR phosphorylation. These results indicate that both mTOR and PKC may not be involved in the event in which zinc inhibits GSK-3␤. In this study, zinc increased p70s6K phosphorylation at Thr 389 , which supports previous reports that zinc phosphorylates p70s6K in Swiss 3T3 cells (24) and in SH-SY5Y cells (1) . Although p70s6K is a wellknown upstream regulator of GSK-3␤ activity, it remains unclear whether p70s6k activation plays a role in zinc-induced GSK-3␤ phosphorylation as an upstream signal.
In addition to regulation by phosphorylation, the action of GSK-3␤ is also regulated by its subcellular localization (21) . Although GSK-3␤ is predominantly present in cytosol, it is also found in mitochondria and nuclei, where it is highly activated compared with cytosolic GSK-3␤ (9, 21). Mitochondria have been proposed as a critical regulator of cell death and life, since a rapid increase in permeability of the inner membrane due to the mPTP opening induces both apoptosis and necrosis (28) . The mPTP opening plays a critical role in myocardial reperfusion injury, and the suppression of the pore opening leads to cardioprotection against reperfusion injury (16) . A recent study has demonstrated that ischemic preconditioning plus erythropoietin infusion induces cardioprotection by inhibiting the mPTP opening through increased mitochondrial phospho-GSK-3␤ binding to adenine nucleotide translocase, a key component of the mPTP (32) . Thus it is worthwhile to test whether zinc can also increase the level of phospho-GSK-3␤ in mitochondria. Our data showed that GSK-3␤ is mainly located in cytosol and that the phosphorylation levels of GSK-3␤ are very low in cytosol and mitochondria in untreated cells (Fig. 4) . When treated with exogenous zinc, the GSK-3␤ phosphorylation was markedly increased not only in cytosol but also in mitochondria. Obviously, this will result in an inhibition of the mPTP opening, if mitochondrial phospho- GSK-3␤ can suppress the pore opening by interacting with mPTP components. Zinc has been reported to activate K ATP channels (37) , and the opening of K ATP channel with diazoxide could increase GSK-3␤ phosphorylation in cardiac mitochondria (22) . Yet, it is well known that mitoK ATP channel opening leads to cardioprotection against ischemia/reperfusion injury (10). Thus we examined whether zinc enhances mitochondrial GSK-3␤ phosphorylation by the opening of mitoK ATP channels. Our data showed that the selective mitoK ATP blocker 5-HD was not able to alter the effect of zinc on mitochondrial GSK-3␤ phosphorylation, indicating that zinc-induced mitochondrial GSK-3␤ phosphorylation is not mediated by the opening of mitoK ATP . Further studies are required to understand the exact mechanism underlying zinc-induced mitochondrial GSK-3␤ phosphorylation.
The suppression of GSK-3␤ activity has been demonstrated to be an important mechanism for cardioprotection induced by ischemic preconditioning or by some cardioprotectants that were applied at reperfusion. The suppression of GSK-3␤ is proposed to protect myocardium by inhibiting the mPTP opening (22) . Since the mPTP opens upon reperfusion but not during ischemia (14) and since many cardioprotective interventions applied at reperfusion can prevent the mPTP opening (17) , the inactivation of GSK-3␤ during reperfusion is critical for cardioprotection against reperfusion injury. In the present study, we found that zinc was cardioprotective when applied upon reoxygenation but not during simulated ischemia, suggesting that exogenous zinc induces cardioprotection against reperfusion injury. This finding also suggests that zinc may have a great clinical potential since patients with acute myocardial infarction mainly present after the onset of coronary occlusion. Our finding also supports a recent report stating that zinc applied at reperfusion protects isolated rat hearts subjected to ischemia/reperfusion (23) . Zinc has been demonstrated to prevent apoptosis in both in vitro and in vivo models (30, 39) . Zinc can also suppress apoptosis in cardiac allografts in a dose-dependent manner (26) . The antioxidant effect and a direct suppression of caspase-3 were proposed to contribute to the antiapoptotic effect of zinc (35, 41) . However, a recent report documented that zinc can prevent apoptosis through the activation of ERK in SH-SY5Y neuroblastoma cells (2), implying that exogenous zinc may protect cells through intracellular signaling transduction. Recently, our group has demonstrated that exogenous zinc prevents oxidant-induced mPTP opening in cardiomyocytes, suggesting that zinc can protect the myocardium by targeting mitochondria (20) . Our data show that zinc was not able to reduce reperfusion injury in cells transfected with the constitutively active GSK-3␤ (GSK-3␤-S9A) mutant and that zinc can phosphorylate GSK-3␤ at Ser 9 (inactivation), indicating that zinc protects cells from reperfusion injury by inactivating GSK-3␤. We further found that cells transfected with the catalytically inactive GSK-3␤ (GSK-3␤-KM) mutant in the absence of zinc revealed cardioprotection that was similar to that observed when cells were treated with zinc, further suggesting the importance of GSK-3␤ suppression in cardioprotection against ischemia/reperfusion injury.
Since the inactivation of GSK-3␤ is necessary for the cardioprotection of zinc in the present study, it is interesting to probe the cellular mechanism by which GSK-3␤ mediates the protective effect of zinc. Juhaszova et al. (22) have proposed that the convergence of various cardioprotective signaling pathways via inactivation of GSK-3␤ on mPTP is the general mechanism of cardiomyocyte protection. In addition, Gomez et al. (13) have recently reported that postconditioning failed to prevent the mPTP opening upon reperfusion in transgenic GSK-3␤-S9A mice, suggesting that GSK-3␤ inactivation by postconditioning is required for the prevention of the mPTP opening during reperfusion. In previous studies from our laboratory (33, 34) , bradykinin and IB-MECA prevented reperfusion injury by targeting mPTP through the inactivation of GSK-3␤. The present study has shown that exogenous zinc can prevent oxidant-induced mPTP opening by inactivating GSK-3␤, indicating an essential role of mPTP in zinc-induced cardioprotection. Therefore, we propose that zinc may prevent reperfusion injury by targeting the mPTP via the inactivation of GSK-3␤. However, it should be mentioned that we determined the mPTP opening by monitoring changes in the mitochondrial membrane potential with TMRE and that a loss of the mitochondrial membrane potential may not always exclusively indicate the mPTP opening.
In summary (Fig. 8) , exogenous zinc inactivates GSK-3␤ via the PI3K/Akt signaling pathway. The inactivation of GSK-3␤ leads to cardioprotection against reperfusion injury, which might be obtained through the inhibition of the mPTP opening. It is, therefore, reasonable to propose that the treatment of the heart with zinc might be of great benefit to patients with acute myocardial infarction. However, it should be mentioned that the cardioprotective effect of zinc were evaluated in cultured cardiac H9c2 cells subjected to simulated ischemia/reperfusion, rather than in isolated cardiomyocytes or perfused heart models. Obviously, further studies using perfused or open chest animal hearts are required to corroborate the current findings in the "real" setting of myocardial ischemia/reperfusion.
